The seroepidemiology of the defective adenovirus-associated satellite viruses was studied by use of a neutralization test that has been shown to be much more sensitive than the complement-fixation (CF) test. Less than 25% of the subjects in any age group were positive for any type of satellite virus CF antibody. The neutralization test revealed serological evidence of satellite infection in almost 80% of the subjects in some age groups. Studies of geometric mean antibody titers by neutralization showed that antibody against type 1 and the type 2-3 complex reached peak levels at 2 to 3 years of age; antibody against types 2 and 3 reached mean titers of 500 to 800, whereas mean antibody levels of only 200 were found for type 1. Type 4 antibodies were rarely noted in human sera. In a companion study in monkeys, monospecific responses to types 1 and 4 were found only in rhesus and green monkey sera, respectively. These data suggest that the type 2-3 complex may be the only naturally occurring satellite serotype which infects man and that antibodies noted against types 1 and 4 may be the result of cross-reactions. No satellite viruses were isolated from throat or rectal swabs of 100 children between 6 months and 3 years of age. However, the patterns of adenovirus and enterovirus isolations from these specimens were typical of previous studies in this laboratory.
The adenovirus-associated satellite viruses are defective in tissue culture, and presumably also in vivo (1, 9, 16, 21) . To determine whether satellite viruses are defective in man and to determine which satellite viruses infect man, both serological and isolation studies are required. Blacklow et al. (2) (3) (4) recently described several important features of satellite virus infection in man. They observed seroconversions to these defective viruses in children and recovered "types 2 and 3" from them. Monospecific sera for types 1, 2, and 3 were found by Blacklow et al. (4) , suggesting that human infection occurs with any of these three types, although infection with types 2 and 3 was noted to give a broad heterotypic response. Rapoza and Atchison reported an association between type 1 satellite virus and several simian adenoviruses, but also observed that type 1 precipitin and complement-fixing (CF) antibodies were present in about 20% of the human sera they tested (19) . Using hemagglutination inhibition (HI), Mayor and Ito (10) found HI antibodies to type 4 satellite in sera from green and rhesus monkeys, but not in human sera. We have defined a sensitive infectivity assay for satellite viruses which measures the capacity of decreasing dilutions of satellite virus to produce CF antigen in the presence of a constant dose of an adenovirus "helper" (5) . By selecting the most sensitive "helper" adenovirus and cell system, we were able to develop a highly sensitive neutralization test for the four satellite serotypes (6) . The present paper reports the application of CF and neutralizing antibody assays to a seroepidemiological and ecological survey. It also describes attempted isolation studies. These data confirm in large part the results of previous workers, and they extend our present knowledge concerning the origin and pattern of infection with this unique group of nonconditionally defective viruses.
MATERIALS AND METHODS Cells. Bottle cultures of primary human fetal kidney (HK) cells were subcultured twice and then tube cultures were prepared. Tube cultures of primary African green monkey kidney cells were prepared and grown as previously described (11) . The medium for all cells during tests was Eagle's minimal essential medium (MEM) with 2% fetal bovine serum.
Viruses. The origin, strains, and assays of types 1-4 satellite viruses and their helper adenoviruses have 716 ADENOVIRUS-ASSOCIATED SATELLITE VIRUSES been described (5, 16) . Prototype adenovirus type 2 repeatedly shown to be free from satellite virus antigen was employed as the adenovirus antigen for assay of adenovirus CF antibodies.
Sera. The hyperimmune rabbit and guinea pig sera employed in this laboratory for satellite virus studies have been described (6) . The human sera in the present study were obtained in a random fashion from infants and children attending out-patient clinics and from patients on the pediatric ward at a large metropolitan city-county hospital (Ben Taub General Hospital, Houston, Tex.) during the summer of 1968. The children and infants in the present study are from a relatively low to low-middle class socioeconomic group. Approximately one-half of the children were ill at the time of the collection. Review of the records from these children revealed no significant correlation of illness with virus isolation or satellite antibody level. The adult sera were collected in 1964 (17) . These same sera have also been studied for antibody levels to various herpesviruses, including Epstein-Barr (EB) virus and cytomegalovirus (18, 20) and to poliovirus (12) . All sera were stored at -20 C and diluted for use in tris(hydroxymethyl)aminoethane buffer, pH 7.6, containing 2% fetal bovine serum. satellite virus CF antigen. A dilution of tissue culture harvest fluid containing 100 CF-producing units of satellite (which had been heated to inactivate the adenovirus helper) was mixed with the serum, incubated for 1 hr at 37 C, and inoculated onto cell monolayers preinfected with adenovirus helper. Screening tests for neutralizing antibody were conducted with sera at a 1: 10 dilution. Titrations of antibody-positive sera were done with fourfold dilutions through a dilution of 1:2,560. Virus isolation and identification. Satellite virus isolation tests were performed by inoculating 0.1 ml of either throat or rectal swab (obtained at the time of serum collection from the infants and children) onto each of two HK cultures preinfected with human adenovirus type 7a. The inoculum was left on the drained monolayers for 1 hr at 37 C, and medium was then added. After adenovirus cytopathic effect (CPE) destroyed the cell monolayer, the culture was frozen and thawed, and then was heated at 56 C for 15 min (to inactivate the adenovirus helper); 0.1 ml of the undiluted culture harvest was passaged onto an HK monolayer preinfected with adenovirus as above. Material from both first and second passage levels was tested for satellite virus CF antigen and monitored for particles by electron microscopy. The helper adenovirus stock was routinely checked for possible satellite virus. Adenovirus and enterovirus isolation and identification were performed as previously described (15) .
RESULTS
Age-specific occurrence of satellite virus CF and neutralizing antibody. Figure 1 presents the pattern of CF antibodies noted in the human sera tested. The occurrence of sera positive for CF antibody was initially less than 10% in the 0-to 6-month age group and never exceeded 25% for any serotype at any time or in any age group. For example, type 3 satellite CF antibody had a peak frequency of 21% in the 2-year-old group. CF antibodies against type 2 satellite virus were found even less frequently, never reaching a 10% incidence. In the younger age groups (7 Age-specific pattern of antibody titers to satellite types 1, 2, and 3. The age-specific pattern of the geometric mean neutralizing antibody titers is shown in Fig. 3 . Only sera that were antibodypositive at the screening level (1 :10) were titrated. The geometric mean antibody titers were relatively low in infants' sera. Neutralizing antibody levels to all satellite types increased in the second year of life, and for types 1 and 3 peaked at age 2. Type 2 satellite geometric mean antibody titers were 508 and 437 in the 1-and 2-year-old groups, respectively. The very high levels might have been even higher if titrations had been carried beyond the dilution of 1:2,560, since individual sera with titers of 1:100,000 have been observed (6) . In contrast to the high titers noted with types 2 and 3, type 1 geometric mean neutralizing antibody titers were markedly lower and did not remain as elevated in the older children. The majority of the type 1 titers in the groups 3 years of age and older were between 1:10 and 1:40, whereas those to types 2 and 3 were 1:160 and greater until age 8 years.
Virus isolation and identification. Throat and rectal swabs from 100 children between 6 months and 3 years of age were tested for satellite viruses, antibodies against type 1 satellite (1 of these 4 sera also was positive in the CF test against this serotype), and the sera of two other animals had significant neutralizing antibody titers against type 3 satellite. Only two of the rhesus monkey sera yielded antibody titers as high as those observed for type 4 in the green monkeys. DISCUSSION The ecology of the adenovirus-associated satellite viruses has been the subject of considerable interest because of their nonconditional defectiveness and dependency on adenoviruses for their replication in vitro. Originally found in association with simian adenoviruses (1, 13), satellite viruses were also found with human adenoviruses which had been passaged only in human cells (9, 16) . Many human adenovirus cultures, however, were found to be negative for satellites (3), whereas a relatively high proportion of simian adenovirus cultures were positive (19) . The isolation of type 2 and 3 satellite from children at Junior Village provided unequivocal evidence of human infection with these types (2, 3), a fact supported by serological studies (4).
The neutralization test for satellite viruses developed in this laboratory (6) provided a very sensitive and quantitative means for assessing type-specific serological responses to the satellite virus serotypes. The finding of antibodies in humans to types 2 and 3 satellite appears to be the result of infection with type 2 or type 3 satellite, or both. It is not clear from the presently available data whether strains of types 2 and 3 are distinct enough immunologically to allow specific serotype designation. Consequently, we consider the human strains of this group as manifesting a spectrum of antigenic expression and have tentatively termed them the "type 2-3 complex."
The age-specific occurrence of neutralizing antibody increased most rapidly between 4 and 11 months, and continued a generally steady increase to a peak at 8 to 14 years, when 60 to 80% of those tested were positive for antibodies. This satellite serological pattern in human beings was similar to that of EB virus and other herpesvirLtses (18) and polioviruses (12, 14) in the Houston area.
The peak of the geometric mean antibody titers was much sharper, with maximal titers noted be-tween 1 and 3 years of age, when neutralizing antibody titers as high as 10,000 to 100,000 have been observed (6) . The observed serological responses to types 2 and 3, in addition to the isolation of types 2 and 3 from children studied in Bethesda, Md., and in this laboratory (unpublished data), strongly suggest that types 2 and 3 are of human origin. The significant rarity of neutralizing antibody to these types in rhesus and green monkeys further suggests that any antibodies detected in simian sera either represent heterotypic responses or result from unusual cross-infection acquired from man.
The species of origin of type 1 satellite virus has been more questionable than that of types 2, 3, and 4. The age-specific occurrence in humans of neutralizing antibody for type 1 in this study paralleled that of the type 2-3 complex; however, none of the type 1 neutralizing human responses was monospecific. This finding, plus the fact that no isolation of type 1 virus has been reported in man, suggests that the response to type 1 satellite noted in human sera may be the result of a heterotypic antibody response to infection with the type 2-3 satellite complex. This conclusion is supported by the relatively lower antibody titers found for type 1 in the present study, and by the occurrence of the highest type 1 antibody levels at the ages when maximal titers were noted for types 2 and 3. Blacklow et al. (4) reported finding human sera monospecific for type 1, which suggested human infection with that type. However, Rapoza and Atchison (19) (19) . In a recent study from our laboratory (6), a lack of crossreaction was found only with antisera of rabbits that had been inoculated with highly purified antigen. With the Flow guinea pig antisera (6) and with a few persons studied previously (6), cross-reactions were found between type 1 and the type 2-3 complex.
The absence of type 4 CF and neutralizing antibodies in human and rhesus sera was striking, as were the very high and monospecific type 4 antibody levels detected in green monkey sera. This is in agreement with portions of the hemagglutination inhibition data obtained by Mayor and Ito (10) , who concluded that type 4 satellite virus was of simian origin. Blacklow et al., using a fluorescent-antibody neutralization technique, independently arrived at the same conclusion (4). These authors also found a low level of neutralizing antibodies to types 2 and 3 satellite, especially in captive rhesus monkeys, which they suggested may represent an infection of these animals with satellite following contact with man.
We failed to recover satellite virus from almost 200 throat and rectal swabs tested in the present study and also failed to detect satellite particles in more than 200 human adenovirus isolates examined by electron microscopy (M. J. Rosenbaum, E. A. Edwards, W. P. Parks, J. L. Melnick, W. E. Pierce, and R. P. Peckinpaugh, unpublished data). It is noteworthy that our isolation procedure can detect as little as one infectious satellite unit (5) . Hence, we conclude from our studies that infection with satellite viruses must be of relatively short duration and must provide a relatively solid resistance to reinfection. In the present study, the frequency of enterovirus and adenovirus isolation, as well as the serotypes of isolates, were consistent with findings for similar populations in previous studies from this laboratory (22) . It appears that longitudinal studies in populations like Junior Village (2, 3), or studies of rare individual cases, will be necessary for adequate satellite virus isolations and monitoring of concurrent serological responses, to permit clarification of a possible role of these viruses in clinical disease.
The age-specific pattern of satellite virus infection in children parallels that of adenovirus, although at a lower level of frequency. This would suggest the occurrence of adenovirus infections without satellite virus, an occurrence which is well documented (2) . Consideration of the multiplicity of adenovirus serotypes suggests that the incidence of adenovirus infections is probably much greater than that of satellite virus infections. The persistence of adenovirus excretion in young children (7), plus the above factor, might explain the paucity of satellite virus isolations relative to adenovirus isolations. Conversely, the prolonged adenovirus excretors may be optimal hosts for the propagation of satellites in nature, a possibility supported by the data of Blacklow et al. (2) . The number of adenovirus isolations in this study was too small to allow any conclusions regarding the frequency relative to satellite isolations. Finally, it should be noted that CF response may not be a reliable indicator of previous satellite infection. One factor seems to be the relatively short duration of CF antibodies in comparison to the persistence of neutralizing antibodies. This has been noted with other virus infections, as illustrated by studies of poliomyelitis (8) . Although the CF antibody patterns were reportedly similar VOL. 2, 1970 PARKS to those obtained with the fluorescent-antibody neutralization test used by Blacklow et al., the neutralization test described previously from this laboratory (6) and employed in this study is much more sensitive for the detection of antibody than the direct CF test. This lack of sensitivity in the fluorescent-antibody assay might explain the high incidence of satellite recovery from antibodynegative children in the study at Junior Village (2) .
